Genome-wide association studies are a powerful and widely used tool to decipher the genetic 10 control of complex traits. One of the main challenges for hybrid crops, such as maize or sunflower, is 11 to model the hybrid vigor in the linear mixed models, considering the relatedness between individuals.
the additive effects of markers. Several studies have shown that non-additive effects constitute a major part 48 of the variation of complex traits. These studies consider the intra-locus effects (Gengler et al, 1997, Norris 49 et al, 2010), namely dominance, or inter-locus effects called epistasis (Huang et al, 2012 , Mackay, 2014 . The this polygenic effect is close to zero. The first model, as described in (Segura et al, 2012) , takes into account only the additive effect of markers.
Let y i denotes the adjusted phenotype of hybrid i. Then the additive model is y i = µ + x l i θ l a + u i + e i (A AIS and A XX models) where x l i is the centered genotype (coded as XRQ allelic dose) of the ith hybrid at the lth marker locus; 130 θ l a is the additive effect of the lth locus; u i denotes the random polygenic effect; and e i is the residual error.
is the centered matrix of the hybrid genotypes. 
where x l i is the centered genotype of the ith hybrid at the lth marker locus; w l i is defined later; θ l a is 150 the additive effect of the lth locus; θ l d is the dominance effect of the lth locus; and e i denotes error. A i 151 is the random additive effect i, and D i is the random dominant effect i. Let A, D, and e denote vectors 152 (A i , i = 1, · · · , n), (D i , i = 1, · · · , n), and (e i , i = 1, · · · , n), respectively, and then A ∼ N (0, σ 2 a K a ), 153 D ∼ N (0, σ 2 d K d ), e ∼ N (0, σ 2 e Id), where K a is the additive kinship matrix; K d is the dominance kinship 154 matrix; and σ 2 a , σ 2 d and σ 2 e are additive, dominance and residual variances, respectively. K a = K XX as in where L is the total number of SNPs; n v is the number of variance components other than residual 190 variance in the model; L s is the given number of SNPs in the model; 0 ≤ γ ≤ 1 and n v L n v L s is the 191 mathematical combination of n v L s among n v L.
192
One way to choose the best γ is to find k so that L = n k and then to assume γ = 1 − 1 2k (Chen and LG 1
LG 9
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LG 16 Black lines highlight linkage disequilibria between SNPs on the same chromosome. The linkage group (LG)
is indicated above a group of interest in black.
We studied the linkage disequilibrium between the SNPs selected by eBIC for all models and envi-246 ronments. Figure 1 illustrates (according to the physical positions of SNPs in the reference genome) only 247 disequilibria greater than the significance threshold of 0.155. Pairs of SNPs located on chromosome LG01,
248
LG11 and LG16 are in strong LD. A LD block is located on chromosome LG09 (r 2 between 0.29 and 0.93).
249
One SNP in disequilibrium with this group is itself located on chromosome LG07. These LDs correspond 250 either to long-range disequilibria that can be caused by imperfect positioning of contigs in the reference 251 genome or to the limited size of our parental population. With the statistical risk at 1% (it should be 10 Fanny Bonnafous et al. The number of QTLs in common within a model and among environments is presented in Table 4 .
264
For each model, Table 4 respectively. In contrast, FT15.102 was associated in all five environments for these two models. For non- 
QTL effects 273
We characterized the effects of the SNPs detected in both additive and non-additive models. Regarding SNP discovered with non-additive model and with an additive trend. 00 and 11 correspond to homozygous genotypes, 10 to the heterozygous genotype that received allele 1 from the female parent and 01 to the heterozygous genotype that received allele 1 from the male parent. Each symbol indicates membership in a specific class in Tukeys mean comparison test with a 5% statistical risk.
The majority of QTLs detected using non-additive models have a profile similar to Figure 2b, Few of the SNPs are located in genes, but three genes known to be involved in the flowering process 296 are located on chromosome LG09. Figure 3 presents the positions of the associated markers and these three 1994) . As in the common additive GWAS model, there is a one-to-one correspondence, in these models 317 between a non-additive fixed effect and its random effect. QTL effect on each marker is considered. However, the number of parameters in this model is then larger 323 than the number of observed individuals, and to address this issue, it is necessary to abandon the least 324 square estimation method and to use, for example, the L2 shrinkage method. The solution is to assume a 325 normal distribution for the marker effects in linkage equilibrium with the tested locus . Then, as in the variance components. Therefore, the Wald tests performed in the GWAS forward approach are identical 344 for the two relatedness matrices. Although we used more information in our AIS-like matrix because we 345 integrated the known marker phases, we did not obtain a power improvement in QTL detection, as could 346 be expected.
347
FT09.199 was found to be associated with flowering time with four models out of five. This region is 348 located on chromosome LG09, and this chromosome was also highlighted by Cadic et al (2013) . In their 349 study, the region is found to be associated in six different environments (i.e., combinations Sites × Years).
350
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